We present a method that permits correlation of the intramembrane architecture of plasma membrane fracture faces with the distribution of specific molecules at the corresponding cytoplasmic or exoplasmic membrane surfaces. HeLa cells infected with measles virus were used as a model system. Large fragments of the dorsal membrane were isolated after the virus glycoproteins were tagged at the outer cell surface with immune serum and protein A-gold markers. In a second step, different virus polypeptides at the inner cell surface were also identified by a smaller gold label. Thereafter, the isolated plasma membranes were frozen and freezefractured. The complementary fracture faces were shadowed 22. Nermut MW The "cell monolayer technique" in membrane research.
Introduction
The sophisticated adaptation of viruses to their host enables them to utilize pathways provided by the cell for their reproduction. For this reason the viruses can be used as probes to study intracellular pathways and the morphogenesis of cell membranes.
Many enveloped viruses are assembled at and released from the plasma membrane (PM) (6) of host cells (9, 32) . For example, the replication in cultured cells of measles virus (MV), a member of the paramyxovirus family ( 3 0 ) , causes the insertion of transmembrane viral glycoproteins into the plasma membrane (20) . In the course of virus assembly, the nucleocapsids (NC) adhere to the cytoplasmic segment of the virus glycoproteins, building a welldelineated microdomain (9, 32) . Although the antigenic composition of such membrane segments is fairly well documented, the molecular interactions and the individual steps that lead further to assembly and budding of new virus particles are still poorly understood (9).
To better comprehend these processes, we combined heavy metal replica procedures with in situ identification of viral polypeptides with heavy metals and carbon and examined in the transmission electron microscope without cleaning of remaining biological material. Thus, the micromorphology of the replicated fracture faces and the topochemistry of virus components localized at the corresponding leaflets of the plasmalemma could be seen on the same image at high resolution. Of note is that the freeze-fracture morphology of the protoplasmic face is related to the molecular composition of the cytoplasmic surface, as revealed by antibody tagging. ( J Hisrochem Cyrochem 41~1085-1091, 1993) KEY WORDS: Plasma membrane isolation; Immunogold double labeling; Replica technique; Freeze-fracture replication; Measles virus. on previously isolated plasma membranes (26) . By labeling the viral antigens with gold particles of different sizes and replication of the cytoplasmic surface (PS), we were able to visualize concomitantly the distribution of antibody-binding sites on both plasma membrane leaflets as a superimposed image on the metal replica of the cytoplasmic surface (26) . The results prompted us to apply immunochemical and freeze-fracture techniques to isolated plasma membrane for analysis of its intramembrane architecture in relation to the partition of virus gene products in the lipid bilayer. Now we demonstrate the general usefulness of this approach, particularly for the identification of various intramembrane domains (35) on freeze-fracture faces by probing directly the molecular organization of the subplasmalemmal compartment with immunogold-labeled antibodies.
Materials and Methods vims
The Edmonston strain of MV was grown and passaged in HeLa cells as reported previously (27). A single virus pool kept at -70°C was used for all experiments.
CeZZ CuZtures
HeLa cells were maintained in our laboratory as already described. Coverslip cultures were seeded at a density of 1.5 x lo5 cells/ml and infected Step 1: infected cells were labeled with rabbit antibodies against hemagglutinin and PA-gold (16 nm), treated with tannic acid, and covered with a cationized coverslip.
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Step 2: 10 min later the sandwich was torn apart and the cationized coverslip with attached plasma membranes was fixed in aldehyde solution.
Step 3: the cytoplasmic surface was labeled with mouse monoclonal antibodies against internal viral proteins (NP, nucleoprotein or P, phosphoprotein) and goat anti-mouse lg coupled to gold colloid (IO nm).
Step 4: the labeled membranes were once more fixed in glutaraldehyde, glycerinated, covered with a brass rivet, and frozen.
Step 5: the gold double-labeled membrane was freeze-fractured as described in Materials and Methods.
Step 6: shadow-casting with Pt/C at 45OC angle, C at 904 -lOO°C.
Step 7: the replica film was separated from the glass coverslip by hydrofluoric acid (10% in water); the corresponding membrane half attached to the rivet was floated on water; both replicas were mounted on grids without any cleaning in acid or bases. 
Membrane Preparation
The dorsal plasma membrane from normal or infected HeLa cells was isolated at 0°C by a slight modification of the technique already described (28) . Briefly, coverslip cultures were washed with phosphate-buffered saline (PBS: 150 mM NaCI, sodium phosphate buffer 20 mM, pH 7.4), incubated for 10 min in 0.1% sodium phosphate-buffered tannic acid (100 mM, pH 7.4). and covered with a coverslip previously cationized with alcian blue (22). The sandwich was gently pressed and disrupted 10 min later (Figures 1.1 and 1.2) under ice-cold internal buffer (IB) (100 mM KCI, 5 mM MgC12, 3 mM EGTA, 10 mM K phosphate buffer, pH 6.9) (1). Dorsal plasma membranes attached to the cationized coverslips were fixed in 1% formaldehyde, 0.25% glutaraldehyde in IB for 10 min at O' C.
Immunoiabeiing,
The following reagents were used: rabbit anti-MV hyperimmune serum and mouse monoclonal antibodies against MV phosphoprotein (P) and MV nucleoprotein (N). All reagents were produced in our laboratory and characterized as already published (5). Protein A-gold of 16-nm diameter (15) was used for labeling the viral antigens at the outer cell surface (18, 27) . Goat antibodies against rabbit Ig coupled to 10-nm gold colloid (8) were employed for tagging virus polypeptides at the cytoplasmic surface. Shortly before use, all gold probes were tested for the presence of aggregates.
Viral antigens present on the exoplasmic surface of the plasma membrane were labeled as published previously (18, 27) . The coverslips were washed in ice-cold PBS, incubated for 5 min in rabbit anti-measles serum (diluted 1:20 in PBS), rinsed, and reacted with protein A-gold of 16-nm diameter (pAG16) for 10 min. Unreacted colloid was removed by washing in PBS and the cultures were immediately used for plasma membrane isolation.
Submembrane viral structures at the cytoplasmic surface were labeled after previous aldehyde fixation of isolated dorsal plasma membranes ( Figure 1 .3). The following protocol was used throughout: normal goat serum diluted 120 in PBS for 5 min, followed by mouse monoclonal antibodies against P or N polypeptides for 20 min, and goat anti-mouse Ig gold (10 nm) diluted 1:10 in the same solution for another 20 min. All reagents were diluted in PBS containing 5% normal goat serum. Appropriate washing was also done in PBS complemented with 1% normal goat serum (28). All labeling procedures were done in the cold (4°C).
Electron Microscopy
Replication of the Cytoplasmic Surface of Isolated Plasma Membranes. For visualization of structures at the cytoplasmic surface, the membranes were post-fixed in 1% Os04 in IB (without EGTA) for 1 hr at O' C, rinsed in cold PBS, and further incubated for 30 min in tannic acid (0.2% in water). Alcohol dehydration was followed by critical point-drying and shadowcasting (17.18).
Freeze-fracture Replication. Isolated and labeled plasma membranes were fixed once more in 1% glutaraldehyde for 30 min at O' C, rinsed in PBS, and impregnated with a 30% glycerol buffer solution. Coverslip areas with many membranes were selected by light microscopy and excised (25). The isolated membranes were then sandwiched between the glass coverslip and a special brass rivet (Figure 1.4) . This rivet is designed as a hollow cylinder (3 mm diameter), the interior of which is 20 pm in depth and very rough, surrounded by a highly polished rim (14). The resulting sandwich was frozen in liquid propane and freeze-fractured in a double-fracture apparatus (13).
Shadow-casting was done with platinumlcarbon at 45" and carbon at 90' angle for stabilization in a Biotech 2005 (Leybold-Heraeus; Cologne, Germany) cooled to -100°C. After removing the rivet from the fracture device, the liquid in the hollow cylinder thawed. This caused the rise of the replica film on the liquid cushion inside the cylinder (Figure 1 .6) so that it could be floated off with ease from the highly polished rim by immersing the rivet in distilled water. The shadowed material adhering to the coverslip (the exoplasmic fracture face, E face) was detached from the glass in hydrofluoric acid (40%). and washed extensively in HzO. Both replicas were mounted on grids, without prior cleaning with acid and bases (Figure 1.7) . The specimens were examined in a Philips EM 400T at 80 kV. Stereo micrographs were taken at a tilt angle of +6" and -6" (13.14).
Nomenclature. The freeze-fracture nomenclature and abbreviations were applied in accordance with the recommendations of Branton et al. (6) . The terminology for the freeze-fracture immunolabeling was that of Severs (31). 
Controls
Normal rabbit serum was used instead of immune serum for demonstration of viral antigens in infected cultures. Controls of labeling by mouse monoclonal antibodies against MV polypeptides was done by using monoclonal antibodies against an influenza virus antigen. In addition, uninfected HeLa cells processed in the same way as infected ones were used alternatively. Also for control purposes, we prepared freeze-fractured faces from normal or infected HeLa cell monolayers without previous label, according to published methods (28). membranes. The method makes use of the fact that detachment of the dorsal cell surface from the cell body renders the cytoplasmic surface of the plasmalemma suitable for immunocytochemical examination. Thus, antigens located at internal or external surfaces of the plasma membrane could be simultaneously demonstrated by double labeling and the membranes further processed by freezefracture replication.
Results

Isolation and Immunogold Labeling of the Plasma Membrane
Before the plasma membrane isolation, rabbit anti-measles serum and protein A-gold complexes (16 nm diameter) were applied to intact cells for revealing the viral glycoproteins at the exoplasmic surface of infected cells. Basically, the subsequent isolation made on cationized surfaces produced many large membrane fragments of convenient orientation, offering a free view of the cytoplasmic surface. In the following step, the viral structures at the plasma membrane were labeled with mouse monoclonal antibodies against internal viral polypeptides (nucleoprotein and phosphoprotein) and 10-nm gold particles as marker. The further replication of the cytoplasmic surface demonstrated the antibody-binding sites in different planes of the PM. Figure 2 shows a stereo view of the cytoplasmic surface: the large gold particles decorate the hemagglutinin on the outer cell surface. They are seen under the plane of the replicated plasma membrane, close to the 10-nm particles tagging the measles virus phosphoprotein at the replicated inner surface of PM.
Since the phosphoprotein is nucleocapsid associated, this second label was present only on nucleocapsid strands, being absent from free areas of the plasmalemma. In addition, when antibodies against measles virus nucleoprotein were used for staining, similar labeling of nucleocapsids was obtained. Infected cells reacted with monoclonal antibodies against an unrelated antigen revealed a very low background. The few gold particles seen in these control replica showed no particular association with the nucleocapsid strands (Figure 3) .
Freeze-fracture Replication of Isolated PM
Double-labeled membranes were quick-frozen, freeze-fractured, and replicated by carbonlmetal evaporation. Thus, we obtained two replicas: one from the membrane half attached to the cover glass exhibiting the exoplasmic fracture face and the other one from the brass rivet corresponding to the cytoplasmic leaflet (Figures 1.6  and 1.7) . The replica film attached to glass could be easily separated from the coverslip by short exposure to hydrofluoric acid, a step without any detectable influence on the label (13.26). This was followed by repeated washes in water to remove the biological material loosely adherent to the carbonlmetal replica. We showed previously that the procedure did not displace the label because its distribution corresponds to that seen on replicas prepared from whole cells infected with measles virus: patches and strands of gold markers, as well as heavily labeled round structures corresponding in size to viral particles (14.18) . Figure 4a shows the replica of an exoplasmic fracture face (E face) in which the immunogold is seen on the conventional high-resolution image of the fractured plane. In contrast to the double-labeled membranes in which markers of different sizes were visible in one image, we could now see large areas of shadowed material with only 6 n m particles tagging the viral glycoproteins at the outer surface. However, at the edges of the fracture faces where the protoplasmic face of the plasma membrane were cross-fractured, superimposed large and small gold particles were seen in close proximity.
Higher magnifications reveal the morphology of the E fracture face as well as the spatial relationship between the intramembrane 
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particles (IMP) and colloidal gold bound at the outer plasma membrane surface. As shown in Figure 4b , the shadowed material displayed a fine granular appearance, with many fewer intramembrane particles than the cytoplasmic fracture face (for comparison see Figure 5 , cytoplasmic fracture face) ; their partition showed no distinct correlation with the label at the exoplasmic surface.
The fractured material on the brass rivet contained many cytoplasmic leaflets split from isolated membranes. The cytoplasmic fracture face (CF) of a plasma membrane previously double labeled as described above is shown in Figure 5a . The smaller gold particles (10-nm diameter) tagging the MV phosphoprotein at the cytoplasmic surface were easily seen on the conventional image of the cytoplasmic fracture face. At low magnification the patch-like arrangement of the label under the cytoplasmic leaflet was clearly evident. The patches were polymorphous and could extend over some pm2. Similar to the findings on the exoplasmic fracture face, very few gold particles, probably representing the background, were detected between the patches. Since the virus at the outer PM remained associated with the exoplasmic leaflet, no heavily labeled round structures typical for viral particles could be demonstrated on these replicas. The antibody-binding sites were predominantly located under regions of the cytoplasmic fracture face, with a rather convex appearance. Since the edges of the fracture faces represent the transition borders from single layered to bilayered membrane structures, large gold particles were encountered only outside the fracture faces (Figure 5b) .
Observations of cytoplasmic fracture faces at high magnification showed the distribution of intramembrane particles and their position relative to the submembrane antibody-binding sites (Figure 5b) . The general aspect of the cytoplasmic fracture face is determined by the much higher number of intramembrane particles compared to the exoplasmic fracture face. Sometimes IMPS were grouped in small aggregates of 10-20 particles. The convex ridges seen on the cytoplasmic fracture faces were always labeled underneath by anti-phosphoprotein or anti-nucleoprotein antibodies. Noteworthy was the absence of the normal intramembrane particles from such areas and their replacement by extremely small particles with no regular arrangement, previously described (10). Since these regions were associated with viral structures below the lipid leaflet, as indicated by the presence of gold label, a close spatial correlation between the morphogenesis of viral plasma membrane complexes and the displacement of the common type of intramembrane particles to neighboring plasma membrane areas was evident.
Discussion
The freeze-fracture technique was successfully applied for studying how complex plasma membrane structures are assembled from various components during viral budding and release in infected cells (3, 7, 10, 14, 16) . However, a better identification of intramembrane molecular complexes has been achieved by combining freezefracture with affinity labeling (2, 23, 24, 31) . As proved by Pinto da Silva and Kan, "the label fracture replication" allows relation of the distribution of affinity gold label at the outer cell surface to other membrane features seen on the exoplasmic freeze-fracture faces. The procedure facilitates the interpretation of the E fracture face morphology, but no additional information about the cytoplasmic fracture face and corresponding subplasmalemmal structures could be directly obtained (22) .
In this study we investigated the plasma membranes after isolation on cationized supports (19, 21, 28) by freeze-fracture and replication. This was a cogent approach because the separation of the plasma membrane from the cell body permitted the access of antibodies and gold labels to its cytoplasmic surface. As shown also by others, this inner surface specifically retains molecular complexes involved in the organization of the PM (12, 29, 34, 36) . After the freeze-fracture replication of the gold-labeled membranes, the intramembrane architecture of the fracture faces, as well as the immunogold markers on the corresponding leaflet, could be demonstrated in a single image. Thus, the main disadvantage of the label-fracture procedures could be overcome and the morphology of the cytoplasmic fracture face could be examined in its spatial relationship to the submembrane multimolecular structures.
Published reports have already documented the use of isolated organelles and membranes for label-fracture studies (33, 36) . It should be noted, however, that the isolation procedures can potentially induce distortions of the structures attached to the PM. To circumvent such damage, the immunolabeling of the submembrane molecules was sometimes conducted after the freeze-fracture replication of biological material ("fracture-label procedures"). The methods have their own problems since they include either slow freezing of unfixed tissue (12) or extensive detergent extraction and proteolytic digestion of previously fixed cells (34), steps usually difficult to control. In any event, our results show that the plasma membrane domains involved in virus assembly and release could be identified at the cytoplasmic fracture faces with the powerful specificity of antibody labeling. Of note is that the fine morphology of the intramembrane architecture is devoid of artifacts (11) and the adjacent label pattern, common to isolated membranes, is unchanged by the freeze-fracture procedure. For example, typical alterations described in MV-infected cells, such as the displacement of normal IMP from domains supposed to be involved in virus production or the convex appearance of these regions (10,14), were easily recognized in replicas prepared according to our protocol. Furthermore, these particular domains at the cytoplasmic fracture face could now be positively identified as virus induced by the gold label attached to the viral proteins at the cytoplasmic surface. We therefore believe that this method is reliable and can be extensively employed for other plasma membrane studies.
In conclusion, we could prove that the freeze-fracture replication of isolated and pre-labeled membranes permits the interpretation of data extracted from replicas of fracture faces in connection with additional information about the topochemistry of the cytoplasmic surface. This will enable us to search for spatial interaction of specific molecules and thus to learn more about their functional interactions. As generally admitted, the matrix under the plasma membrane is highly dynamic and can participate in many different processes such as phagocytosis, transmembrane signaling, and cell locomotion (4). Since the characterization of molecules and molecular interactions involved in these functions is now in progress, the mapping of intramembrane domains vs defined cortical structures should become possible.
